Previous study has shown that administration of melatonin into the anterior cingulate cortex contralateral to peripheral nerve injury prevented exacerbation of mechanical allodynia with a concurrent improvement of depression-like behavior in Wistar-Kyoto (WKY) rats, a genetic variation of Wistar rats. In the present study, we examined the effect of the individual versus combined treatment of melatonin and/or dextromethorphan (DM), a clinically available N-methyl-D-aspartate (NMDA) receptor antagonist, on pain behaviors in WKY rats with chronic constriction sciatic nerve injury (CCI). Pain behaviors (thermal hyperalgesia and mechanical allodynia) were established at one week after CCI. WKY rats were then treated intraperitoneally with various doses of melatonin, DM or their combination once daily for the following week. At the end of this oneweek treatment, behavioral tests were repeated in these same rats. While DM alone was effective in reducing thermal hyperalgesia at three tested doses (15, 30 or 60 mg/kg), it reduced mechanical allodynia only at high doses (30 or 60 mg/kg). By comparison, administration of melatonin alone was effective in reducing thermal hyperalgesia only at the highest dose (120 mg/kg, but not 30 or 60 mg/kg) tested in this experiment. Melatonin alone failed to reverse allodynia at all three tested doses (30, 60 and 120 mg/kg). However, the combined intraperitoneal administration of melatonin (30 mg/ kg) and DM (15 mg/kg) effectively reversed both thermal hyperalgesia and mechanical allodynia although each individual dose alone did not reduce pain behaviors. These results suggest that a combination of melatonin with a clinically available NMDA receptor antagonist might be more effective than either drug alone for the treatment of neuropathic pain.
Introduction
Injury to the peripheral and/or central nervous system can result in neuropathic pain (Thomas 1984; Woolf and Mannion, 1999) . Despite extensive research over years (Arner and Meyerson, 1988; Dubner and Hargreaves, 1989; Kupers et al., 1991; Jadad et al., 1992; Mao et al., 1995a,b; Ossipov et al., 1995; Wegert et al., 1997) , neuropathic pain remains very difficult to treat (Watson et al., 1982; Max et al., 1991 Max 1994; Sindrup and Jensen, 1999; Mao and Chen, 2000a,b) .
Melatonin (5-methoxy-N-acetyltryptamine), a pineal neurohormone and a derivative of serotonin, regulates important biological functions including circadian rhythms, sleep, and mood (Sugden, 1983; Morgan et al., 1994; Vanecek, 1998; Von Gall et al., 2002; Zahn et al., 2003; Pandi-Perumal et al., 2006) . Melatonin receptors have been localized in the spinal cord and many brain regions (Vitte et al., 1990; Stankov et al., 1991; Morgan et al., 1994; Zahn et al., 2003) . Functionally, melatonin produces an antinociceptive effect in rats and mice (Yu et al., 2000a,b; Tu et al., 2004; Onal et al., 2004) . Melatonin also reduces lipopolysaccharide-induced hyperalgesia and interacts with opioid antinociception (Golombek et al., 1991; Pang et al., 2001; Li et al., 2005; Shavali et al., 2005) .
Dextromethorphan (DM) is a low-affinity noncompetitive NMDA (N-methyl-D-aspartate) receptor antagonist and also a commonly used antitussive drug. Low dose of DM (1.25, 2.5, and 5 mg/kg), which did not change baseline nociception, showed a significant antinociceptive effect during both phases of a formalin test (Fazli-Tabaei et al., 2008) . However, due to its low efficacy, DM is usually combined with other analgesic agents such as morphine and ketamine for an improved analgesic effect (Galer et al., 2005; Frymoyer et al., 2007; Cohen et al., 2006; Elesen et al., 2007) .
A subset of Wistar-Kyoto (WKY) rats, a genetic variation of the Wistar strain (Okamoto and Aoli, 1963; Porsolt et al., 1977 Porsolt et al., , 1978a , as well as Flinders sensitive line (FSL) rats (Overstreet et al., 2005) , has been used as preclinical models of depression. WKY rats are hypersensitive to stress secondary to disrupted hypothalamic-pituitary-adrenal and hypothalamic-pituitary-thyroid axes. Moreover, WKY rats exhibit an overall decreased activity, few exploratory behaviors, hypolocomotion, and a high level of behavioral immobility in the forced swimming test (Pare, 1993 (Pare, , 1994 (Pare, , 1996 Armario et al., 1995) . Pharmacologically, desipramine (a tricyclic antidepressant) acutely reverses depression-like behavior such as a prolonged duration of immobility in the forced swimming test in WKY rats (Porsolt et al., 1978a,b; Lopez-Rubalcava, Lucki, 2000; De La Garza and Mahoney, 2004) . In our previous study, we showed that WKY rats demonstrated an exacerbation of mechanical allodynia following chronic constriction sciatic nerve injury (CCI), which was prevented by melatonin administered into the contralateral anterior cingulate cortex with a concurrent improvement of depression-like behavior (Zeng et al., 2008) .
In the present study, we compared the effect of individual versus combined treatment of melatonin and/or DM, a clinically available NMDA receptor antagonist, on CCI-induced pain behaviors in WKY rats.
Results

Effect of dextromethorphan alone
The WKY rats showed thermal hyperalgesia and mechanical allodynia when tested at one week after CCI but not sham operation. Beginning the second week after CCI (i.e., day 8 after CCI), once daily administration of various doses of DM or vehicle was given intraperitoneally for one week. When tested at the end of this one-week treatment (i.e., on day 15 after CCI), thermal hyperalgesia was significantly reduced in each group of WKY rats treated with 15, 30 or 60 mg/kg DM as compared with the baseline in the same group (P< 0.05, Fig. 1a ). The vehicle treatment did not change thermal hyperalgesia (P> 0.05, Fig. 1a) . Moreover, mechanical allodynia was also improved by two higher doses of DM (30 or 60 mg/kg; P< 0.05, Fig. 1b ).
Neither a low DM dose (15 mg/kg) nor vehicle alone changed mechanical allodynia (P> 0.05, Fig. 1b) . The ED50 dose for the effect of DM was 26.3 mg/kg (Fig. 2) . The results indicate that DM was effective in reducing both hyperalgesia and allodynia in WKY rats, particularly at higher doses tested in the experiment.
Effect of melatonin alone
Using the same treatment regimen as for DM, once daily administration of various doses of melatonin or vehicle was given intraperitoneally for one week, beginning in the second week after CCI (i.e., day 8 after CCI). When tested at the end of this one-week treatment (i.e., on day 15 after CCI), thermal hyperalgesia was significantly reduced only in WKY rats treated with the highest melatonin dose (120 mg/kg; P< 0.05; Fig. 3a) but not 30 or 60 mg/kg melatonin or vehicle, as compared with the baseline of each corresponding group (P> 0.05, Fig. 3a) . Moreover, this one-week treatment with melatonin at all three doses (30, 60, 120 mg/kg) failed to relief mechanical allodynia (P> 0.05, Fig. 3b ). These results indicate that melatonin alone was largely ineffective in reducing either hyperalgesia or allodynia in WKY rats at the doses tested in this experiment. The ED50 dose for melatonin was not calculated due to the lack of a dose-response relationship.
Effect of the combined dextromethorphan and melatonin treatment
To examine whether a combination of DM and melatonin would be more effective than either drug alone in reducing neuropathic pain behaviors, we selected the lowest dose of both drugs (15 mg/kg for DM and 30 mg/kg for melatonin) tested in the above experiments. A single drug or the combination was given intraperitoneally once daily for a week, beginning in the second week after CCI (i.e., day 8 after CCI). While melatonin alone was ineffective, and DM alone was only marginally effective, in reducing thermal hyperalgesia, their combination significantly reduced thermal hyperalgesia as compared with each corresponding baseline (P< 0.05, Fig. 4a ), when examined at the end of this one-week treatment (i.e., on day 15 after CCI). Similarly, neither melatonin nor DM alone was effective in reducing mechanical allodynia, but their combination significantly improved mechanical allodynia when examined at the end of this one-week treatment as compared with each corresponding baseline (P< 0.05, Fig. 4b ). There were no motor deficits or sedation as judged by the gait and overall appearance of these rats. These results indicate that the combined treatment with melatonin and DM produced the antihyperalgesic and antiallodynic effect in WKY rats in contrast to either of these two drugs administered alone.
To examine whether these treatment regimens would alter the forced swimming test, indicative of depression-like behavior, rats from these groups were subject to the forced swimming test following the pain behavior test. There were no differences in the time spent in the forced swimming test among these groups with or without treatment (P> 0.05, Fig. 5 ), suggesting that the effect of melatonin, DM, or their combination, at current dose, on thermal hyperalgesia and mechanical allodynia was not due to a concurrent improvement of depression-like behavior in WKY rats.
Discussion
Using a rat model of peripheral nerve injury, we demonstrated that a combination of a low dose of DM and of melatonin produced a significant reduction of both thermal hyperalgesia and mechanical allodynia in WKY rats, although treatment with either drug alone resulted in marginal, if any, reduction of neuropathic pain behaviors in WKY rats. A technical caveat concerning the present data is that we were unable to conduct an isobolographic analysis of the dose-response relationship between a single versus combined treatment regimen due to the lack of an overall melatonin effect when administered alone in this experiment. Therefore, we could not ascertain whether the combined effect of DM and melatonin on hyperalgesia and allodynia represents a synergistic or additive effect from these two drugs. Nonetheless, our results clearly indicate that the combination of both drugs is more effective than either drug alone in this rat model of neuropathic pain behaviors.
Previous studies have suggested that melatonin may be critically involved in the regulation of both mood and pain (Sugden, 1983) . It has been shown that melatonin receptor type 1 (MT1)-knockout mice displayed depression-like behavior with altered sensory responses and attention deficits (Weil et al., 2006) . Moreover, melatonin produces antinociception and enhances morphine analgesia mediated through spinal MT receptors (Tu et al., 2004; Li et al., 2005) . Clinically, melatonin has been reported to improve cluster headache, irritable bowel syndrome, and fibromyalgia (Waldenlind et al., 1987; Leone et al., 1995 Leone et al., , 1996 Citera et al., 2000; Song et al., 2005) , although the mechanism of its action remains unclear. Evidence also exists that implicates melatonin in mood regulation (Brzezinski, 1997) . For example, clinical depression has been shown to be associated with nocturnal and diurnal changes in the plasma melatonin concentration (Halbreich et al., 1981; Wetterberg, 1985; Beck-Friis et al., 1985; Frazer et al., 1986) . Moreover, preclinical studies also indicate that knockout of MT1 receptors increased (Weil et al., 2006) , whereas a melatonin analog decreased, the immobility time in the forced swimming test (Overstreet et al., 1998) .
DM is a common antitussive drug and also a low-affinity NMDA antagonist (Siu and Drachtman, 2007) . DM has been shown to modulate pain behaviors in rats by blocking the activation of NMDA receptors, a known cellular mechanism of pathological pain. For example, intraperitoneal administration of DM (60 mg/kg) produced antinociception during the second phase of a formalin test (Fazli-Tabaei et al., 2008) . Moreover, DM has been shown to reduce pain behaviors in various studies (Olesen et al., 2007; Siu and Drachtman, 2007; Frymoyer et al., 2007; Cohen et al., 2006 Cohen et al., , 2004 Duedahl et al., 2006; Grisel et al., 2005; Galer et. al, 2005; Staud et al., 2005; Lynch et al., 2004; Carlsson et al., 2004; Redwine and Trujillo, 2003; Ben et al., 2003; Reid, 2003, 2002; Chang et al., 1999) . However, due to its low efficacy, DM is usually combined with other analgesic agents such as morphine and general anesthetics as ketamine (Frymoyer et al., 2007; Cohen et al., 2006; Galer et al., 2005; Elesen et al., 2007) .
Our data were in agreement with previous findings on the DM's effect on pain behaviors, because a single dose of DM (particularly at 30 or 60 mg/kg) alone effectively reduced both thermal hyperalgesia and mechanical allodynia. By contrast, melatonin alone given systemically appears to produce a minimal effect, if any, on neuropathic pain behaviors. Combination of both drugs, even at a subtherapeutic dose, substantially improved their effect on neuropathic pain behaviors without demonstrable side effects on motor function or sedation. These results suggest that the combination of melatonin with a clinically available NMDA receptor antagonist may be more effective than either drug alone in the treatment of neuropathic pain.
A clinical relationship between pain and depression has long been recognized. Several epidemiological studies have shown that pain and depression frequently co-exist in the clinical setting (Arnow et al., 2006; Bair et al., 2003; Magni et al., 1985; Von Knorring et al., 1983) . Depression may result in a decreased pain threshold and increased analgesic requirement (Jackson and Onge, 2003) . It is estimated that the occurrence of depression in patients with chronic pain is higher, ranging from 30% to 54%, than that (about 17%) in the general population (Sullivan et al., 1992; Banks and Kerns, 1996; Ferrer-Garcia et al., 2006) . Moreover, the risk of developing chronic pain increases in subjects with depressive disorder (Leino and Magni, 1993; Magni et al., 1993 Magni et al., , 1994 . While antidepressants affect mood in chronic pain patients, they do not always improve outcome measures of clinical pain (Littlejohn and Guymer, 2006; Carter, 2002) . Indeed, several studies have suggested that the effect of antidepressants on chronic pain may not be related to their anti-depression property (Atkinson et al., 1998; Collins et al., 2000; Max et al., 1987 Mico et al., 2006; Sharav et al., 1987) . To date, the relationship between pain and depression remains unclear.
In this experiment, we showed that the combination of DM and melatonin improve pain behaviors without a change in depression-like behaviors as demonstrated by the forced swimming test, at least with the dose tested in this experiment. Of interest to note is that the results from our previous study (Zeng et al., 2008) suggest that the reduction of mechanical allodynia in WKY rats resulting from the administration of melatonin into the anterior cingulate cortex occurred concurrently with the improvement of depression-like behavior, because the same treatment also prolonged the forced swimming time. It remains to be investigated whether the route of melatonin administration (e.g., systemic versus direct injection into the anterior cingulate cortex) and different dose combinations may reduce neuropathic pain behaviors via different mechanisms.
Clinical comorbidity associated with pain, such as depression, is an important issue and confounding factor in clinical pain management. Although antidepressants have been used in clinical pain management, their mechanisms of action remain unclear. For example, a tricyclic antidepressant improved pain in patients with low back pain but without clinical depression (Collins et al., 2000) , whereas in other cases antidepressants including selective serotonin or norepinephrine reuptake inhibitors failed to improve chronic pain (Mico et al., 2006) . While the present study does not provide direct evidence for a relationship between the improvement of depressive behavior and pain behavior, the role of melatonin in the regulation of mood and clinical pain and the known NMDA receptor mechanism in neuropathic pain suggest that the combined DM and melatonin treatment may warrant further investigation in human subjects in order to explore new treatment options for those patients with both neuropathic pain and depression.
Experimental Procedure Surgical procedure for the CCI model
Adult male WKY rats weighing 200-250 g (Charles River Lab, Wilmington, MA) were used and maintained by the accredited animal facility at the Massachusetts General Hospital. The experimental protocol was approved by our Institutional Animal Care and Use Committee. The animal room was artificially lighted from 7 AM to 7 PM and the room temperature was maintained at 22 °C. Food pellets and water were available ad libitum and the bedding was changed daily. Rats were housed individually in each cage and the experiments started at least three days after their arrival.
The surgical procedure was performed under pentobarbital anesthesia (50 mg/kg, intraperitoneally). CCI rats were produced by loosely ligating the common sciatic nerve on one side according to the method of Bennett and Xie (1988) . Briefly, the right sciatic nerve was exposed in the mid-thigh and separated from the adjacent tissue. Four loose ligatures using 4-0 chromic gut sutures were made around the dissected nerve with a 1.0-1.5mm interval between each pair of ligatures. The skin wound was closed using stainless steel pins. In sham rats, the same surgical procedure was followed except for nerve ligation.
Intraperitoneal drug administration
DM and melatonin (Sigma, St. Louis, MO, US) were diluted in 10% DMSO. Melatonin was always diluted before usage. The MDSO (10%) was also used for vehicle control.
Behavioral tests and statistical analysis
Animals were habituated to the test environment once daily (a 60-min session) for two consecutive days before the baseline testing. For testing mechanical allodynia, each rat was placed on a metal mesh floor, covered with a plastic box (12×5×8 inch), and allowed to settle down for 15 min before the test. Von Frey filaments were used to determine the lowest mechanical threshold required for a brisk paw withdrawal according to the method (using an ascending and descending order of filaments) described by Tal and Bennett (1994) and in our previous report (Mao et al., 1997) . A filament was applied perpendicularly to the rat's plantar area and a 5-second interval was used between two applications. A positive response was defined as at least one clear withdrawal response out of five applications. The cutoff force was 26 g. Both the baseline and post-CCI testing were conducted between 9:00 A.M. and 12 P.M. Testing for thermal hyperalgesia was performed according to a previously published method (Hargreaves et al., 1988) . Temperature was set to have the baseline latency at 10-12 sec and a cutoff of 20 sec.
Forced swimming test
The forced swim test was performed based on the original method described by Porsolt et al. (1977 Porsolt et al. ( , 1978a to examine depression-like behavior in WKY rats. One day prior to the test, a rat was placed for conditioning in a clear plastic tank (45×35×60 cm) containing water 30 cm deep (24±0.5 °C) for 5 min (pretest session). Twenty-four hours later, the rat was tested under the same conditions for 5 min (test session). Following each session, the rat was removed from the water tank, dried with a tissue towel, placed in a warm air flow for 15 min, and then returned to the home cage. Each test session was recorded with a stopwatch. A rat was judged to be non-swimming when its hind legs were no longer moving forcefully and the rat was hunched forward (a floating position). The total duration of immobility (non-swimming) within a 5-min session was recorded as immobility scores (in seconds) and compared among groups (Detke et al., 1995; Lopez-Rubalcava and Lucki, 2000) . All sessions were observed by the same experimenter blinded to the group assignment to minimize between-experimenter and between-session variations. All swimming test sessions took place between 2 PM and 5 PM.
Statistical Analysis
Behavioral data were analyzed by using repeated measure one-way ANOVA to detect overall differences among treatment groups, followed by post-hoc Newman-Keuls tests. Differences were considered to be statistically significant at the level of P<0.05. ED50 for DM was generated from a linear regression model. ED50 dose for melatonin was not calculated because of the ineffectiveness of a single melatonin dose alone in pain behaviors. In addition, the isobolographic analysis was not performed to examine the synergism of the combined drug treatment due to the lack of a dose-related effect from the melatonin treatment alone. Accordingly, the statistical analysis in this study was not meant to determine whether there was a synergistic or additive effect from the combined treatment of melatonin and DM on pain behaviors in WKY rats.
Fig. 1. Effect of dextromethorphan alone on pain behavior in WKY rats
Once daily administration of various doses of DM reduced thermal hyperalgesia in each group of WKY rats treated with 15, 30 or 60 mg/kg DM as compared with the baseline (P< 0.05, Fig.  1a ). The vehicle treatment did not change thermal hyperalgesia (P> 0.05, Fig. 1a) . Mechanical allodynia was improved by two higher doses of DM (30 or 60 mg/kg; P< 0.05, Fig. 1b) . Neither a low DM dose (15 mg/kg) nor vehicle alone changed mechanical allodynia (P> 0.05, Fig. 1b) . DM15, 30, and 60mg: DM at 15, 30 and 60mg/kg, respectively; Bas, Baseline; CCI1w, 1 week after CCI; T1W, 1 week after CCI followed by 1-week treatment with vehicle or DM. *, P<0.05 as compared with baseline in the same group; +, P<0.05 as compared with CCI1w in the same group. The plot shows that the ED50 dose for DM was 26.3 mg/kg.
Fig. 3. Effect of melatonin alone on pain behavior in WKY rats
Once daily administration of various doses of melatonin had a limited or no effect on thermal hyperalgesia in each group of WKY rats treated with 30, 60 or 120 mg/kg melatonin as compared with the baseline in the same group. Only the highest dose (120 mg/kg) had an effect (P< 0.05, Fig. 3a) . The vehicle treatment did not change thermal hyperalgesia (P> 0.05, Fig.  3a) . Mechanical allodynia was not improved by all three doses of melatonin (P> 0.05, Fig. 3b ). Mel30, 60 and 120mg: melatonin 30, 60 and 120mg/kg, respectively; Bas, Baseline; CCI1w, 1 week after CCI; T1W, 1 week after CCI followed by 1-week treatment with vehicle or DM. *, P<0.05 as compared with baseline in the same group. A combination of 15 mg/kg DM and 30 mg/kg melatonin given intraperitoneally once daily for a week was more effective than either drug alone in reducing neuropathic pain behaviors. The combination significantly reduced thermal hyperalgesia (P< 0.05, Fig. 4a ) and mechanical allodynia (P< 0.05, Fig. 4b ), as compared with their corresponding baseline. Mel30, DM15, Mel30DM15: 30 mg/kg melatonin, 15 mg/kg DM, and 30 mg/kg melatonin combined with 15 mg/kg DM, respectively; Bas, Baseline; CCI1w, 1 week after CCI; T1w, 1 week after CCI followed by 1-week treatment with vehicle, melatonin (Mel) or dextromethorphan (DM) alone, There were no differences in the time spent in the forced swimming test among these groups (P> 0.05, Fig. 5 ). Mel30Bas and Mel30T1w: baseline and after 1-week treatment with melatonin 30mg/kg, respectively; DM15Bas and DM15T1w: baseline and after 1-week treatment with DM 15mg/kg, respectively; ComBas and ComT1w: baseline and after 1-week treatment with melatonin 30mg/kg and DM 15mg/kg, resepectively. One way ANOVA, P=0.42.
